We have recently shown that the cardiac cycle-dependent variation in myocardial ultrasonic integrated backscatter is blunted with regional ischemia in dogs. To determine if global and intramural regional myocardial contractile performance can be quantified by integrated backscatter, we analyzed ultrasonic responses after induction of increased and decreased contractility in five dogs. A recently developed analog data-acquisition system for measuring integrated backscatter in real time was used to sample radiofrequency signals gated from subepicardial or subendocardial regions. Baseline recordings of integrated backscatter, left ventricular pressure, left ventricular dP/dt, and wall thickness were made at 12 left ventricular sites for both intramural regions. Contractility was modified subsequently by either paired pacing or propranolol to produce significantly elevated or depressed values for maximum left ventricular dP/dt compared with baseline (1083 + 289 to 1868 + 398 to 3001 + 570 mm Hg/sec; p < .01 for all). The amplitude of the cyclic variation of integrated backscatter was 50% greater (arithmetically) in subendocardial than in subepicardial regions for all treatments (7.6 -+ 0.3 vs 6.0 ± 0.5 dB, p < .001). The maximum rate of change in integrated backscatter waveforms during isovolumetric contraction was faster with paired pacing and slower with propranolol than at baseline for all regions (56 + 6 to 74 6 to 82 ± 5 dB/sec, p < .005). The maximum rate of change in integrated backscatter also was greater in subendocardial than subepicardial regions (p < .001). Thus, both regional and global differences in myocardial contractile performance are manifest quantitatively in integrated backscatter waveforms. We propose that the physiologic determinants of these differences may depend on regional and global variations in myofibril elastic characteristics.
CHARACTERIZATION OF MYOCARDIUM based on quantitative ultrasonic integrated backscatter measurements may permit noninvasive elucidation of cardiac pathology.'-' The physical basis for ultrasonic tissue differentiation of pathologic properties of the heart is reflected by the variation in intrinsic scattering properties among individual tissue types. For the heart, the scattering properties are determined in part by the local variations in density and compressibility of discrete intramural regions, and may vary throughout a selected volume of tissue.`Ultrasonic backscatter pa-rameters are modified substantially by pathologic changes. We have previously shown that irreversible morphologic changes accompanying experimental myocardial infarction or cardiomyopathy are associated with significant elevations in time-averaged ultrasonic integrated backscatter measurements.7 1 Furthermore, we found recently that physiologic myocardial contraction and relaxation are associated with a parallel, cyclic variation in integrated backscatter. 12 The magnitude of this cardiac cycle-dependent variation in integrated backscatter is reduced greatly with even brief ischemia in dogs and recovers with reperfu-s1ion.3, 14 However, the temporal association between segmental akinesis and blunted cyclic variation in backscatter does not establish that the magnitude of cyclic variation reflects myocardial contractile function quantitatively.
The purpose of this study was to determine the dependence of ultrasonic integrated backscatter measurements on global and intramural regional myocardial contractile performance by analysis of ultrasonic responses after induced increased or decreased con-183 tractility in dogs. A new analog data acquisition system that we described recently for measurement of integrated backscatter in real time'5 permitted instantaneous beat-to-beat collection of integrated backscatter waveforms and enabled more discriminating analysis of these signals than was possible previously. The study was also designed to define quantitatively the relationships between integrated backscatter and myocardial contractile performance to facilitate development of a real-time, noninvasive, clinically applicable technique for assessment of regional contractile properties by direct interrogation of the tissue rather than by assessment of pump function.
Methods
Animal preparation. Five mongrel dogs (15 to 30 kg) were anesthetized with intravenous pentobarbital (20 to 30 mg/kg), and ventilated with room air supplemented with oxygen with the use of a volume respirator adjusted to maintain physiologic concentrations of arterial blood gases. A femoral artery cannula was inserted in each dog to monitor blood gases and aortic pressure. A right thoracotomy was performed. Pacing wires were sutured to the right ventricular epicardium low in the pulmonary outflow tract area and attached to a Grass stimulator. The atrioventricular node was injected with I to 2 ml of formalin through the right atrial wall to induce complete heart block, yielding a ventricular escape rate of less than 60 beats/min. The heart was paced with 3 msec square-wave pulses at a voltage of 1.5 times threshold (6 to 9 V). Adequate hemostasis was ensured and the pericardium and right thoracotomy were closed. A left thoracotomy was performed and a pericardial cradle was created to expose the left ventricular anterior free wall. A short, fluid-filled cannula was inserted into the left ventricular cavity through the apex for monitoring left ventricular pressure. A 2.5 x 2.5 cm region of the anterior free wall was demarcated approximately two-thirds down from the circumflex artery toward the apex and midway between the anterior descending coronary artery and the major marginal branch of the circumflex artery. Twelve readily identifiable sites approximately 0.6 cm apart (3 rows x 4 columns) were specified for ultrasonic data collection. A Honeywell monitoring system was used to amplify and record physiologic signals. Femoral artery and left ventricular pressures were obtained with Statham strain-gauge transducers calibrated with a mercury manometer. The first derivative of the left ventricular pressure (dP/dt) was obtained with an analog differentiator calibrated by determining the average maximum positive and negative slopes of the left ventricular pressure wave and comparing the slopes to the average peak positive and negative dP/dt values on high-speed paper recordings. The use of this method to determine maximum dP/dt (dP/dtmax) values allowed a clear separation of conditions of normal, reduced, and improved contractile performance in response to the negative and positive inotropic interventions (see Results). Standard limb-lead electrocardiograms were also recorded. Ultrasonic data acquisition system. Our procedure for measuring ultrasonic integrated backscatter in real time has been described recently.'5 In brief, a standard two-dimensional/M mode imaging system (Honeywell Ultra-Imager) was used to drive a focused piezoelectric transducer (Panametrics V309, 5 MHz center frequency, 1.3 cm diameter, 5 cm focal length) to produce broadband ultrasonic pulses. The hand-held transducer was mounted on a Plexiglas water column fitted with a latex tip and applied directly to the epicardium to position the focal point within the myocardium. Two portions of the backscattered radiofrequency (rf) signal (3 gsec each, representing a tissue sample length of 2.25 mm each) were gated sequentially from two regions of myocardium with the use of a programmable timing device. The gates were contiguous, with front boundaries located 2 mm (2.7 gsec) and 4.25 mm (5.7 ,usec) below the epicardial specular reflection. The latter was reliably detectable as a large amplitude transition in the rf signal from the water path to the epicardium. The gates were always located at the same point in time and space below the epicardial specular echo throughout the cardiac cycle. The use of this gating procedure ensured the exclusion of both epicardial and endocardial specular echoes. The transducer focal point was located at the border between the two gates. These gated regions defined subepicardial and subendocardial zones in diastole. In systole the positions of both gates shifted relative to total wall thickness into more subepicardial zones throughout the course of wall thickening as a consequence of the electronic gating svstem, which positions the gates relative to the epicardial specular echo. At end-systole, the subendocardial gate lay well within the midmyocardial region. Accordingly, we will refer to the two regions as proximal and distal with respect to the epicardial surface.
The gated signal was fed to an acoustoelectric energy detector, yielding a peak output voltage directly proportional to the average energy contained in the signal over the frequency band of interest. The output was sampled at 5 msec intervals and thus constituted integrated backscatter at single instants in the heart cycle. For calibration, a reference value was obtained for integrated backscatter from a flat stainless steel reflector positioned at the focal point. Changes in the reference value around the focal point (a measure of ultrasonic beam dilfraction from proximal to distal gates) were insignificant due to the substantial depth of field of the transducer. The ratio of the intensity of integrated backscatter from the myocardium to that from the reflector was expressed in decibels. The time-varying integrated backscatter values, sampled every 5 msec throughout the cardiac cycle, were recorded with accompanying left ventricular dP/dt waveforms on magnetic tape for analysis later. The signals were fed simultaneously to an analog integrator with a 5 sec time constant to provide a cumulative display of time-averaged integrated backscatter. The backscatter waveforms along with simultaneous M mode scans, left ventricular dP/dt, and electrocardiographic signals were displayed in real time on the imager screen and recorded on '/2 inch videotape (figure 1). Optimal orientation of the ultrasonic transducer over the epicardium (perpendicular) was defined according to the following qualitative criteria: ( 1 ) the brightest specular reflection from both endocardium and epicardium observed in M mode scans, (2) the sharpest M mode scan of the myocardial wall, thinnest at enddiastole, with appropriate thickening during systole, and (3) the smoothest integrated backscatter signals with the greatest amplitude of cyclic variation. These criteria were applied to avoid inadvertent motion artifact of the hand-held transducer and to minimize the potential influence of either ventricular fiber angle or ultrasonic anisotropy on the results. The stability of both M mode traces and integrated backscatter signals notable in figure  1 was typical of all recordings.
Data collection. Data sets were recorded consecutively under three sets of conditions with respect to contractile performance: baseline, increased contractile performance in response to paired pacing, and decreased performance in response to /8- recorded at each of 12 sites for proximal and then distal regions. The value for time-averaged backscatter, determined by analog integration over the 5 sec period, was recorded also. Physiologic parameters were recorded at each heart rate as were videotaped M mode scans and simultaneous left ventricular dP/dt, electrocardiographic, and backscatter waveforms for proximal and distal regions (figure 1).
After basal measurements had been obtained paired pacing was initiated, first at a heart rate of 80 beats/min and then at a rate of 110 beats/min. A substantial elevation of peak left ventricular dP/dt was noted after the first several beats. Each stimu lus pair produced only a single observable mechanical contraction. The S,-S) intervals at the rates of 80 (approximately 240 msec) and 110 (approximately 200 msec) were adjusted to achieve maximal left ventricular dP/dt. Data sets equivalent to those for the basal state were recorded at each rate. Paired pacing was then discontinued and the heart was allowed to recover from the expected rebound depression of performance. 16 Subsequently, d,l propranolol (2 mg/kg) was infused intravenously over 15 min and then data sets were recorded within 15 min as described at both heart rates. Adequate /3-blockade was reflected by left ventricular chamber dilation and wall thinning evident on the displayed M mode echocardiogram and a gradual decline in peak left ventricular dP/dt to a stable but low level. Data were collected with hcart rate maintained at 80 or 110 beats/mim. Data analysis. At each of the sites interrogated with ultrasound seven to 10 consecutive RR intervals were recorded during the 5 sec interval of collection of integrated backscatter and left ventricular dP/dt waveform data. The integrated backscatter and left ventricular dP/dt recordings were averaged to produce single waveforms for each site. The waveforms at each site were subsequently averaged into a regional composite waveform for each set of conditions and region (example: paired pacing, heart rate 80 beats/min, proximal site with respect to the epicardium). The positive peaks of the left ventricular dP/dt signals were used as timing references for the alignment of phasic integrated backscatter waveforms. The signal-averaging procedure improved signal-to-noise ratios and provided reformatted information that could be treated by more conservative statistical analysis on a dog-to-dog basis, rather than simply a site-tosite basis, for assessment of cardiac cycle-dependent variation of backscatter.
Ultrasonic parameters were delineated from the regional composite waveforms as depicted in figure 2 . The amnplitude of the time-varying integrated backscatter signals was computed as the maximum peak-to-trough excursion. The first derivative of the composite integrated backscatter curves was determined digitally, and the maximum negative value (-dlB/dtni,x) was calculated from the nadir of this curve. The timeaveraged value for integrated backscatter was obtained by analog integration of the unprocessed signals. Trhe phaise shift of the integrated backscatter waveforms relative to the "zero point" (end-diastole) of the left ventricular pressure waveform was determined in two ways. For the first, a "digital" method, Fourier transforms were performed on regional composite waveforms and the fundamental frequency and phase shift were determined. For the second, an "analog" method, a lock-in detector was used to identify phase shifts in integrated backscatter signals at individual sites relative to the left ventricular pressure waveform that served as a reference. 15 By comparing results obtained with these two methods of phase analysis, potential effects of signal averaging on the shapes of the composite waveforms could be determined. Myocardial wall thickness was calculated off-line from the videotaped M mode scans with the use of a Microsonics analyz- er. Thickness was measured at end-diastole and at end-systole. The simultaneously recorded left ventricular dPldt signal was used for timing with reference to the zero-point and peak negative left ventricular dP/dt values, respectively. 17, 18 Statistical methods. The major objective of this study was to determine if parameters derived from ultrasonic backscatter (rate of change in integrated backscatter, amplitude of cyclic variation in integrated backscatter, and time-averaged integrated backscatter) manifest dilferences in contractile performance, intramural region, and heart rate. A 3 x 4 factorial analysis of variance was used to compare treatments (propranolol, normal. and paired pacing) against different substrates (proximal regions paced at 80 or 110 beats/min; distal regions paced at 80 or 110 beats/min). The overall significance of differences among the three states of contractile performance and among the rates and regions was assessed by the F test. In addition, a limited number (10) of independent comparisons were planned a priori to contrast specific linear combinations of means. 19 The significance of differences was determined by two-tailed independent t test procedures for these planned comparisons. Although conventional alpha levels are appropriate for determining the significance of differences for these "planned" comparisons,")9 p values corrected by the Bonferroni technique are also reported. The Bonferroni adjustment for multiple comparisons is made by dividing the conventional alpha level (.05) by the number of comparisons made to produce the minimum acceptable alpha level (.005 for 10 comparisons). The test criterion (t value) must exceed the value under the corrected alpha level (i.e., .005) to be considered significant at the reported level (p < .05). Both "planned" and "Bonferroni" p values are listed for the appropri-186 ate comparisons to demonstrate that the choice of statistical approach does not affect the conclusions. Among treatments, six comparisons were planned: (1) all normals vs all /3-blockade, (2) all normals vs all paired pacing, (3) normals in distal regions vs /3-blockade in distal regions (each at 80 and 110 beats/min), (4) normals in distal regions vs paired pacing in distal regions (each at both rates). (5) normals in proximal regions vs /3-blockade in proximal regions (each at both rates), and (6) normals in proximal regions vs paired pacing in proximal regions (each at both rates). Between regions, two comparisons were planned: (1) all distal regions vs all proximal regions, and (2) normals in distal regions vs normals in proximal regions (each at both rates). Between heart rates, two comparisons were planned: (1) all recordings at 80 beats/min vs all recordings at 110 beats/min, and (2) normals at 80 beats/min vs normals at 1 10 beats/min. Linear regressions and other t tests were used as noted. Data are reported in the text as mean + SD.
Results
Physiologic responses. Ventricular paired pacing elevated left ventricular pressure and left ventricular dP/dtmax significantly from control values of 1 14 Control state. Typical responses in proximal and distal regions of myocardium associated with basal contractile performance are shown in figure 3 and the data are summarized in tables 1 and 2. The -dIB/dtniax was greater in distal than in proximal regions (p < .005, planned; p < .05, Bonferroni). In addition, distal regions exhibited greater amplitudes of cyclic variation than did proximal regions (p < .01, planned; p = .07, Bonferroni). Neither -d1B/dtniax nor amplitude measurements were influenced significantly by differences in heart rate (p > .40 and p > .10, respectively, for planned comparisons between rates). The average phase of integrated backscatter signals determined from Fourier transforms was greater when heart rate was 110 than when it was 80 beats/ min (135 + 18 vs 116 + 18 degrees; p < .005).
Paired ventricular pacing and /3-blockade. Changes in the cardiac cycle-dependent variation of integrated backscatter with paired pacing or /3-blockade are summa-Vol. 72, No. 1, July 1985 rized in tables 1 and 2. Representative waveforms from a distal region are shown in figure 4 and compared with responses obtained under control conditions. In distal regions of myocardium rates of change and amplitudes of waveforms appeared to exceed those in proximal regions under both conditions. Comparisons between groups demonstrated significantly faster -dIB/dtmax values under control conditions compared with under conditions of /3-blockade (p < .005, planned; p < .05, All values (+ SDs) are in -dB/sec; n 5. F ratio = 7.5 (p < .005) by analysis of variance for differences between rows (regions and heart rates).
F ratio = 12.1 (p < .005) by analysis of variance for differences between columns (states of contractile performance).
Row-column interactions were nonsignificant (F ratio = 0.37). 187 All values (-SDs) are in dB; n = 5.
F ratio = 6.8 (p < .005) for differences between rows (regions and heart rates).
Differences between columns (states of contractile performance) were nonsignificant (F ratio = 0.35).
Row-column interactions were nonsignificant (F ratio = 0.07).
Bonferroni) and marginally, but not significantly, faster values during paired pacing as compared with during control (p > . 10, planned). No apparent differences in the amplitude of cyclic variation of integrated backscatter were observed across the treatment groups. Under all conditions tested -dIB/dt,,,5 occurred an average of 6 + 20 msec before dP/dtnl. Comparatiive efJJct.s of the interventions tested. The relationship between left ventricular dP/dt,,5 and the cycle-dependent variation in ultrasonic backscatter parameters evaluated under different conditions are depicted in figures 5 and 6. With respect to -dlB/dtmas ( figure 5 ), progressively greater rates of change in the backscatter waveforms accompanied increasing contractile performance. A linear regression trend analysis, performed by fitting a line for individual animals to the three intervention points at each region and rate, revealed an average slope of -0.01 dB/sec/mm Hg/sec (p < .005 for slope : 0). As indicated in table 1, analysis of variance confirmed the significance of overall differences between interventions and control conditions (p < .005 for F ratio). Significant overall differences were also found among rates and regions (p < .005 for F ratio). The lack of significant row-column interactions suggests that the effects of different treatments on -dIB/dt.,,x were independent of the myocardial region or the heart rate at which measurements were obtained. Distal regions exhibited significantly greater rates of change in integrated backscatter than did proximal regions (p < .001, planned; p < .05, Bonferroni). Differences in the rate of change between the heart rates were not significant ( of overall differences between rates and regions (p < .005 for F ratio). However, the amplitude was not affected significantly overall by the conditions modifying contractile performance (p = NS for F ratio). Distal regions of myocardium exhibited significantly greater amplitudes compared with proximal regions (p < .001, planned; p < .05, Bonferroni). Differences in amplitude between the heart rates were not significant (p > .05, planned). Time-averaged integrated backscatter values (averaged across all sites in a region) were slightly higher in proximal than in distal regions of myocardium (-53.8 + 2.7 vs -54. 8 2.3 dB; p < .005, planned; p < .05, Bonferroni). However, no overall significant differences were demonstrated in time-averaged backscatter for different conditions, or for different combined heart rates and regions, judging from analysis of variance (p = NS for all F ratios). Smaller distal timeaveraged backscatter values might be expected because additional ultrasonic attenuation is encountered as the beam propagates further into the tissue, but such small differences may be obscured by the width of the range of normal values.
The phase values determined from Fourier transforms of normal regional composite waveforms differed significantly for heart rates of 80 and 110 beats/ min (p < .005). However, values were similar for different regions and for different interventions. The average phase values determined by the lock-in analyzer at individual sites were not significantly different from the composite phases determined by Fourier analysis for an entire region. The average standard deviation for the single-site lock-in analysis was 4.3 degrees (n = 120 sites), which is indicative of a uniform Vol. 72, No. 1, July 1985 grouping of phases across all sites, regions, rates, and interventions. Because regional composite waveforms were composed of individual site data with intrinsically similar phases, these results indicate that the fundamental components of waveform shape were not distorted significantly by signal averaging.
Discussion
One objective of myocardial tissue characterization is acquisition of real-time quantitative ultrasonic correlates of fundamental pathologic and physiologic processes. Results of this study suggest several promising ultrasonic criteria. The -dIB/dtmax appears to change in parallel with global contractile function. Both the amplitude of the cyclic variation of the backscatter waveform and the maximum rate of change appear to change in parallel with previously reported intrinsic regional intramural differences in contractile performance.2-25 The time average of backscatter signals is a less sensitive index than the other parameters studied with respect to contractile performance. This result may reflect the obfuscation of subtle differences in dynamic information in backscatter waveforms by the wide range of normal values for time-averaged integrated backscatter. Nevertheless, the time average of integrated backscatter signals discriminates normal from pathologic tissue architecture.7 -' The phase of the cyclic variation of integrated backscatter waveforms, determined from the fundamental frequency of Fourier transforms, is relatively constant for all levels of contractile performance at the rates used in this study. This finding suggests that changes in contractile state may be manifest in more subtle, or higher frequency, components of the backscatter waveforms.
One potential source of the observed differences in The greater amplitudes of cyclic variation in integrated backscatter waveforms for distal compared with proximal regions ( figure 6 ) suggest that the cardiac cycle-dependent backscatter variation depends, at least in part, on the absolute extent of sarcomere shortening. If distal sarcomeres shorten more than proximal sarcomeres in the same interval, their average velocity of shortening must be greater. Our observation of greater rates of change for waveforms in distal compared with proximal regions (figure 5) therefore also suggests a dependence of cyclic backscatter variation on the velocity of sarcomere shortening.
These observations, together with prior reports from our laboratory, may provide a foundation for a hypothetical physiologic model of the behavior of cardiac cycle-dependent integrated backscatter. The complete constitutive elements of such a model include both active and passive cardiac mechanical components, tissue anisotropy, myocardial fiber arrangement, and determinants of attenuation. In this report we will limit the description of the proposed model to the active components.
The hypothesis that sacomere shortening in some way determines the cardiac cycle-dependent variation in backscatter is consistent with several considerations. In general, the magnitude of ultrasonic energy scattered by inhomogeneities smaller than the insonifying wavelength is determined by local variations in material density and compressibility. If one limits consideration to investigation of 180 degree scatter (i.e., backscatter), the backscattered energy is approximately proportional to local variations in acoustic impedance. This approximation is highly accurate under conditions in which variations in density and compressibility are relatively modest, such as the case of soft tissue. Consequently, the magnitude of backscatter is related to local differences in impedance, which are the products of the square root of the mass density and the appropriate elastic modulus. If we invoke the simple Maxwell-type model for cardiac cell mechanical behavior, then the activated myofibril assembly may be visualized as a contractile element in series with an elastic element.29 As sarcomeres shorten auxotonically, the series elastic element is stretched. Because the series elastic element exhibits non-Hookian behavior with elongation, its stiffness, or elastic modulus, increases with progressive force development.293-This change in elastic modulus during sarcomere shortening could directly affect local acoustic impedance values. If so, measurements of backscattered acoustic energy would reflect the impedance changes in a time-varying manner throughout the active state. Because backscatter occurs at the boundaries between zones of soft tissue (such as myocardium) that exhibit different basal acoustic impedances, the magnitude of the acoustic impedance mismatch at these boundaries will determine the magnitude of backscatter. From the work of O'Donnell et al. 8 and Schung and Reid,32 myocardial scatterers appear to be comparable in size to cardiac cells. We thus tentatively assign the time-varying acoustic impedance of the intracellular myofibril-sarcomere assembly to one of the two interfacing zones that are hypothetically responsible for backscatter. We propose that the other zone is extracellular, that it possesses a larger basal acoustic impedance than the time-varying medium, and that its impedance changes minimally throughout the cardiac mechanical cycle. Thus, we hypothesize that sarcomere shortening would cause a relative increase in intracellular acoustic impedance and a reduction in the impedance mismatch between the two interfacing media. As a consequence, backscattered energy would decrease during systole, consistent with what has been observed experimentally.
The observed differences between backscatter waveforms in distal compared with proximal sites may arise from the more rapid development of greater fiber stresses and elastic moduli in the inner wall in systole. The greater rates of change for backscatter waveforms with increasing contractile performance may reflect more rapid increases in local elastic moduli as a consequence of greater sarcomere shortening velocities. We suspect that the flattening of dIB/dt response to paired pacing in distal regions (figure 5) may represent the limited capacity of subendocardial fibers to augment 190 CIRCULATION LABORATORY INVESTIGATION-TISSUE CHARACTERIZATION their contractile performance. An interesting hypothetical corollary is that the major portion of myocardial contractile reserve is contributed by outer wall fibers. The lack of any significant effect of interventions affecting contractile performance on the amplitude of the cyclic variation in integrated backscatter initially appears to be inconsistent with the observed increases in wall thickening. The principal factor responsible for this apparent paradox involves the method for gating the backscattered rf signal. Because of the use of the epicardial specular echo as a gating reference, the studied regions are always located 2 and 4.25 mm below the epicardial surface (see Methods). Despite absolute increases in wall thickening, both gates necessarily reflect contractile events occurring at more subepicardial loci in regions in which fibers may develop less stress.25 Hence, local elastic moduli change less than expected and smaller cyclic variations in backscatter result. Thus, despite the development of an increased transmural stress gradient, the regions in which measurements are made may not represent those with maximally increased local contractile performance in terms of amplitude. With our present gating technique it is not possible to follow precisely the same volume of tissue throughout systole. However, this limitation does not vitiate conclusions regarding regional intramural differences that depend on stress and velocity gradients.
Because the maximal rate of change in backscatter waveforms occurs at the time of peak left ventricular dP/dt, -dIB/dtmax provides an index of contractile performance that is approximately isovolumetric. Like other indexes of this sort, it exhibits substantial variability among "normals." Although left ventricular dP/dtmax is used as a comparative measure of contractile performance, this index does not define a range of normal values for the potentially corresponding ultrasonic parameter. Additionally, because open-chest dogs were studied, artifactual heterogeneity may have been introduced into measurements of "normal" contractility. The trend analyses provide evidence that ultrasonic parameters are sensitive to changes in contractile performance for groups of animals. The capacity of these parameters to discriminate normal contractility in individual animals and their applicability to individual subjects remain undefined.
The potential clinical utility of the backscatter parameters identified in this study remains to be elucidated. Two difficulties may confront clinical implementation and assessment: the necessity for taking measurements through the chest wall, and the need for attenuation corrections. The geometric constraints imposed by the closed chest may be overcome by adjusting signal gating so that any myocardial region observable with a standard two-dimensional M mode imaging system can be studied. With respect to the second difficulty, we have demonstrated that myocardial integrated backscatter data obtained through the closed chest wall of dogs can be compensated for attenuation losses to characterize ischemic myocardial tissue. 33 If we presume that the attenuation of chest wall remains constant throughout the cardiac mechanical cycle, myocardial backscatter values require correction for attenuation encountered as the ultrasonic beam traverses the intervening tissue. Fortunately, this correction is not required for the rate of change, the amplitude of cyclic variation, or the phase of the integrated backscatter, but it is necessary to determine the absolute value of time-averaged integrated backscatter.
